Introduction 28
Active food packaging appears as a promising technology with increasing applications 29 due to its advantages over traditional methods. It is an interesting alternative to the use 30 of chemical preservatives. Natural antimicrobial and antioxidant agents can be 31 incorporated into biodegradable materials to increase shelf life and quality of food 32 products. 33
Different biopolymers have been widely studied as polymeric matrix. Among 34 polysaccharides, chitosan presents excellent film forming ability (Li et al., 1992) . This 35 non-toxic compound obtained by deacetylation of chitin, a structural component present 36 in the shell of some crustaceans, exhibits interesting antimicrobial properties. 37
Citrus essential oils (EO) appear as interesting natural compounds with great potential 38 use in foodstuffs preservation. In vitro studies have revealed significant antimicrobial 39 effects of these natural compounds. Fisher and Phillips (2006) reported the effectiveness 40 of oils and vapours of lemon, sweet orange and bergamot against 5 common foodborne 41
pathogens, Listeria monocytogenes, Staphylococcus aureus, Bacillus cereus, 42
Escherichia coli O157 and Campylobacter jejuni. Viuda-Martos et al. (2008) evaluated 43 the effect of lemon, mandarin and orange oils on the growth of moulds associated with 44 food spoilage. Orange and mandarin essential oils were the most effective against 45
Aspergillus niger and Aspergillus flavus respectively. Even if the essential oils' 46 mechanism of action is not clearly described, it seems that the antimicrobial activity is 47 limonene concentration in the dried film by directly placing it in the headspace vial of 130 the chromatograph and heating at 160ºC for 10 min. 131
Concentration of limonene in the BO was also determined by the same technique by 132 introducing 0.1, 0.2 and 0.4 L of oil in the headspace vial of the chromatograph. 133 134
Chromatographic analyses 135
The chromatographic measurements were made using a Perichrom Sarl model PR 2100 136 automatic Headspace Sampler on the Gas Chromatograph with flame ionization 137 detector. A fused silica capillary column (Sigma Aldrich Co., USA) was employed 138 (SUPELCOWAX 10, 60 m x 0.32 mm). 139
The carrier gas was N 2 at a flow rate of 1 ml/min. The analysis was performed using the 140 following temperature program: oven temperature from 60 to 150ºC at the rate of 141 3ºC.min -1 , and isotherm at 150ºC during 10 min. Injector and detector temperatures 142
were both held at 250ºC. 143 144
Kinetic analysis 145
An empirical model (Eq. 1) was applied to determine release kinetics of limonene to 146 food simulants from the films, since release involves overlapped phenomena to different 147 degrees, depending on the solvent used: film hydration and swelling, diffusion of 148 limonene through the film and dissolution in the food simulant. The degree and rate of 149 film hydration, which greatly facilitates molecular mobility and limonene diffusion, will 150 be greatly dependent on the water content of the simulant, while solubility of limonene 151 in the simulant will increase when its polarity decreases, since it shows very low 152 polarity (Table 1) . 153
Where C in the concentration of the compound in the film at the initial time (C 0 ) and t 155 Losses of limonene and bergamot oil greatly increased when the CH:BO ratio in the 178 FFD decreased. This agrees with the fact that the amount of polymer in the film 179 decreases when the CH:BO ratio decreases in the FFD, since a constant amount of total 180 solids are poured in the plate to obtain the dried film. The lower amount of polymer 181 implies a reduction in its encapsulating capacity of the oil, which made its volatilization 182 easier, in part due to the fact that evaporation occurs in the same surface area in every 183 case. The oil losses also implied a reduction of the film thickness (Table 2) These changes in the film structure allow the diffusion of the active compound through 223 the polymer matrix into the outer solution until thermodynamic equilibrium is achieved. 224
Thus, limonene release is dependent on different factors such as liquid migration to the 225 chitosan matrix, the polymer solubility and diffusion of the active compound through 226 polymer matrix to the food simulating liquid. This last phenomenon is not only due to 227 mass transfer but it is the result of different factors such as the specific interactions 228 between the volatile compound and the matrix. 229 230 According to the described steps for the release of compounds from a polymer matrix, 231 the observed behaviour in isooctane can be explained by non significant diffusion ofisooctane in the highly polar polymer matrix and so the maintenance of the closed 233 structure of the polymer which efficiently encapsulates the limonene, inhibiting its 234 diffusion and release to the simulant. Thus, it can be concluded that in contact with non-235 polar systems, i.e. isooctane, the polar polymeric systems remained intact throughout 236 storage, preventing limonene release. 237
Concerning water solutions, a tendency to the progressive decrease of limonene 238 concentration in the films throughout the storage time was observed in all cases, this 239 being more intense when the ethanol concentration increased in the solution. The only 240 exception to this behaviour was the thinnest film containing the lowest residual amount 241 of limonene (CH:3BO formulation) which showed a very fast release during the first 242 storage day in pure water, the concentration then decreasing slowly during the rest of 243 the period. This could be attributed to the fast hydration of the thin film in pure water, 244 which promotes the fast release of the limonene at the very beginning of the process. 245 So, the highest limonene release was observed in all films for 95% ethanol aqueous 246
solutions. This observation is in line with the expected results. Limonene, a cyclic 247 terpene, has higher solubility in ethanol than in water, according to the lower ethanol 248 polarity. The increase of the limonene release when the ethanol concentration rises in 249 the food simulant agrees with the decrease in the solvent polarity (Table 1) Aqueous solubility of limonene is limited to 41 μM at 23ºC (Li et al., 1998) , which 252 implies that at equilibrium, 11.2 μg (13.3 μL) of limonene could be present in the water 253 solution taking into account the solvent volume used. In this sense, it is remarkable that 254 amounts released in water after 4 storage days (ranging between 0.05 and 0.13 μL) are 255 very far from the limonene solubility or equilibrium concentration. The equilibrium 256 concentration of limonene in the simulant will be higher as the ethanol concentration 257 increases and, so, the release process driving force will be greater. Nevertheless, the 258 increase in the ethanol concentration in the solution limits the film hydration and the 259 weakening effect of the polymer network, which will make the limonene diffusion 260 through the film matrix difficult. 261
Due to the difficulty of separating all of these overlapped phenomena, which control the 262 limonene release, an empirical model was fitted to the kinetic data in order to obtain a 263 kinetic constant which involves the different factors: the changes in the film thickness, 264 associated to the film hydration rate and differences in the process driving force, which 265 is defined by the initial concentration in the film and its equilibrium concentration, the 266 latter being controlled by the limonene solubility in the solvent medium. 267 to ensure the compound release to the external medium and so, only in foods of high 305 water activity (fresh cut fruit and vegetable, meat or fish), such as in low ethanol 306 content aqueous solutions, the film application may provide active compounds for food 307 preservation. In reduced water activity foods such as dried fruits, the compound release 308 requires a critical time to promote film hydration; as it has been observed in the high 309 content ethanol solutions. The solubility of limonene in the food phase will acceleratethe release, but at the same time/also, the internal diffusion of the compound in the food 311 could inhibit the antimicrobial effect, since microbial contamination is usually prevalent 312 in the food surface (Kristo et al., 2008) . In highly non-polar foods, such as fatty 313 products, the lack of film hydration may inhibit the active compound release and 314 preservation effect of the film may be not observed. 315 316
Conclusion 317
When the ratio of BO in the CH FFD increased, losses of bergamot oil and limonene 318 were higher. This observation calls into question the incorporation of higher quantities 319 of essential oil into biodegradable films. An optimum ratio has to be found between the 320 initial incorporation of essential oil and retention percentage during drying process and 321
storage. 322
Limonene release in food simulants is a complex phenomenon which involves different 323 factors such as film structure, solvent and migrant polarities and solubility. Kinetic 324 constants increased with the increase of the ethanol percentage in the aqueous solutions 325 due to the increase of the solubility of limonene in the simulant (increase of the process 326 driving force), while the decrease in the film thickness also promotes the release 327 kinetics, (despite the lower initial limonene concentration in the film) due to the 328 enhancement of the film hydration rate. 329
For possible future applications of these films based on chitosan and bergamot oil, 330 antimicrobial effectiveness could be improved by promoting higher water content in the 331 films since it favours the active compound diffusion to the product surface. In contact 332 with non polar foods, such as fats, the active compounds will be released very slowly 333
and their effectiveness could be limited, although the active non-polar compound (e.g. Table 1   Table 2 Values ( Different letters in the same column indicate significant differences among formulations (p <0.05). w,x,y,z Different superscripts within a column indicate significant differences between times for the same sample (p<0.05).
